Amorphous oxide-based thin-film transistors (TFTs) have drawn a lot of attention recently for the next-generation high-resolution display industry. The required field-effect mobility of oxide-based TFTs has been increasing rapidly to meet the demands of the high-resolution, large panel size and 3D displays in the market. In this regard, the current status and major trends in the high mobility oxide-based TFTs are briefly reviewed. The various approaches, including the use of semiconductor, dielectric, electrode materials and the corresponding device structures for realizing high mobility oxide-based TFT devices are discussed.
INTRODUCTION
Flat panel displays (FPDs) are thin electronic devices and a frequent feature widely used in our daily lives; e.g. laptops, smartphones, tablets, and 3D/high-definition (HD) curved televisions (TVs). According to the market statistics, transparent and flexible display revenue will reach $87.2 billion by 2025 [1, 2] . Most of the leading FPDs manufacturers across the globe, i.e. Samsung, LG, and Sharp are investing huge money for nextgeneration flat panel technology. The current FPD industry is being driven towards the development of future generation HD technology, such as ultra-definition (UD, or 4 K×2 K) and/ or super hi-vision (8 K×4 K), large area (>70"), high frame rate (>240 Hz), and 3D displays [3] due to the less radiation, produce less screen flash and consume less power. In 2013, a 55" active matrix (AM)-OLED TV (LG Electronics), with options for curved/ flat panels, was available in commercial markets [4] . Recently, LG had commercialized 55", 65", and 77" 4 K OLED TVs [5] . In order to realize such high end products like ultra-HD (UHD) TVs that do not require specialized glasses, using either AM-LCDs or AM-OLED panels, and high-performance thin-film transistor (TFT) devices acting as driving elements are necessary, preferably with field-effect mobility (μ FE ) values over 30 cm 2 /V-s, (as shown in Fig. 1 ; depending on display resolution and frame rate) [6] , because OLED pixels need high current in order to emit light through current injection. Since the publication of the seminal paper by Nomura, et al. [7] in 2004, the amorphous oxide-based semiconductor materials has emerged as a strong candidate to be the backplane technology for next-generation UHD AM-LCD/ AM-OLED panels. They offer high mobility, good transparency to visible light, and excellent uniformity for a large area, compared with conventional a-Si and poly-Si TFTs [3, 8, 9] . Therefore, the discussion on the challenges as well as overall understanding for improving mobility of oxide-based TFTs is timely for nextgeneration FPD applications. In this review paper, various approaches for the improvement of mobility in oxide-based TFTs are discussed including designs of semiconductor (as the active channel), dielectric, electrode materials as well as alteration of traditional device structures.
MATERIALS FOR HIGH MOBILITY OXIDE-BASED TFTs

Semiconductor materials (Binary, Ternary, and Multi-component)
In this section many active materials for high mobility TFT applications have been discussed with respect to composition of binary, ternary and multi-component semiconductor materials. The key binary oxide semiconductors (SnO 2 , In 2 O 3 , Ga 2 O 3 and ZnO) have a wide band gap (>3.0 eV ) and high electrical conductivity (10 -2 to 10 2 Ω -1 cm -1 ), which may be attributed due to native defects, such as oxygen vacancies, cation interstitials, substitutional/interstititial hydrogen to act as shallow donors [10] . Binary oxides have high electron mobility (>10 cm 2 /V-s) when they are amorphous, which originates from the intercalation of the ns orbital of the cations [11] . For these reasons, these oxides have been considered widely as the base materials for oxide-based TFTs. ZnO is the most widely used binary oxide material. Boesen, et al. [12] published in 1968, the first report on TFTs using single crystal ZnO. After a long period, ZnO based TFT research was reelected by other researchers after 2003 [13, 14] . However, the high deposition and annealing temperature approaches were still significant problems for low temperature TFT applications. ), which can lead to large-off current and small on/off current ratio [11] . In 2007, Fortunato, et al. [24] reported bottom-gate InZnO TFTs, using a ceramic oxide target with composition of In 2 O 3 :ZnO (9:1), achieving a μ FE of 107.2 cm 2 /V-s and large off-current. In 2004, Nomura, et al. proposed another kind of quaternary compound InGaZnO (IGZO) semiconductor [7] , which is now most widely used in commercial products [25, 33] .
LG display has implemented a 240Hz 55" UD TV panel using a-IGZO TFTs with copper signal lines [33] . One promising composition toward high mobility in quaternary compound materials is the InSnZnO (ITZO) semiconductor. The μ FE of ITZO TFT can reach >30 cm 2 /V-s [28, 29, 34] . Fukumoto, et al. [28] proposed that the Ga atoms can be replaced by cost-effective Sn atoms in ITZO materials for TFT application, which has highest μ FE of 30.9 cm 2 / V-s with steeper sub-threshold swing at < 210 mV/dec. Also, a high μ FE of 52.4 cm 2 /V-s and low SS of 0.2 V/dec had been observed without a deterioration of the off current, using ITZO for TFT application as reported by Song, et al. [29] . With more than three times the μ FE of a-IGZO TFT, ITZO has been found to be the better choice to drive the OLED display panel developments. Recently, AUO demonstrated the 56" a-ITZO OLED TV [35] , which panels achieve a good image quality characteristics, such as wide viewing angle, high contrast ration, and fast response time.
Gate insulator materials
Silicon-based dielectric materials (SiO 2 , SiN x ) are widely preferred as gate insulator in most of oxide-based TFTs due to the material abundancy as well as the well-known deposition process i.e. PECVD with a large area of uniform coverage. With excellent advantages such as low gate leakage and high stability, the TFTs with SiO 2 insulators however have low dielectric constant (κ ~3.9), which requires high operating voltages [36] . Reducing power consumption is one of the key issues in development of portable battery-powered appliances (e.g., smartphones, smart watches, etc), due to the limited capacity of the battery life. An effective approach to reduce the power consumption is the use of high-κ dielectric materials and double/ multilayer stacked dielectric structures [37, 38] , which decrease the driving voltage of TFTs. These benefits have been pursued through a variety of transition metal oxide based high-κ gate dielectrics for TFT applications, such as Al 2 O 3 , HfO 2 , ZrO 2 , or Ta 2 O 5 . With a large band gap (E g ~8.8 eV) and a high dielectric constant (κ = 9), Al 2 O 3 is a good candidate in oxide-based TFTs, which reduce the interface trap density and an increase in the TFT mobility [39] [40] [41] . We have fabricated a-ITZO based TFTs using an Al 2 is well-known to have good chemical stability, low optical loss, and high refractive index, which are important in optoelectronic device applications. However, high-κ dielectric has some drawbacks such as large leakage current, high defect states, comparatively low band gap, low stability and polycrystalline structure (most of the high-κ dielectric), which is adverse to TFTs operations.
Source-drain electrode materials
The influence of source-drain (S-D) electrodes (including materials, contact quality and parasitic resistance) in contact with the semiconductor channel interface has also been a major impact on TFT performance. Proper selection of S-D contact materials is crucial for high performance oxide-based TFTs because parameters such as, μ FE , and V th are dependent on the "contact resistance" between channel and S-D [46] . When S-D contact resistance are higher, a higher applied bias is required across the S-D to inject carriers into the channel, resulting in current crowding effects causing lower current [47] . In general various metal like Al, Ag, Au, Ni, Ti, Mo, and transparent ITO, IZO electrodes are used in oxide-based TFT devices. Although the ITO and IZO electrodes allow fully transparent TFTs, but large electron affinity of the oxide electrodes cause nonlinear behaviors [48] in the linear regime of output characteristics due to the formation of Schottky like barrier between the electrodes and the a-IGZO films.
In oxide-based TFTs, various contact resistance reducing techniques are used like, doped contacts/Ag nanoparticles [48, 49] , plasma treatments [50] , and barrier/oxidation-free layers [51] . In general, heavily doped regions below S/D electrodes are adopted to obtain good Ohmic contact properties. Na, et al. [48] [49] reported the incorporation of Ag nanoparticles at the homojunction interface between the conducting IZO S/D electrodes and the a-IZO channel, consequently a reduction of the specific contact resistance down to ~10 -2 Ω.cm 2 . Park, et al. [50] reported that a-GIZO TFTs with a contact layer modified by Ar plasma treatment, which was reduced contact resistance from 1550 to 330 Ω-cm. It is well known that the inter-diffusion of metal atoms into the semiconductor are one of the major drawbacks in the preparation of oxide-based TFTs [51] [52] [53] . The inter-diffusion is prevented by the inserting the barrier layer/oxidation-free layer between the S-D and channel layers. Recently, Xu, et al. [54] showed the role of Sn (as an oxidation-free layer) in ZnO and compared the properties with Al, Ti, and Cu. The Al and Ti reacted with oxygen atoms from ZnO to form interfacial layer of ~5 nm thick AlOx and ~3 nm thick TiO x (shown in Fig. 2 ) between the ZnO and S-D layers. The results indicate that Al electrode with a lower Gibbs free energies induce a thicker interlayer to form. The perfect barrier to prevent the formation of oxidation layers at the metal S-D and oxide interface may be performed by graphene and carbon nanofilms, which offer the high electrical performance and stable TFT devices [55, 56] .
Doping materials
Doping in semiconductors is often achieved by introducing foreign atom (dopants/impurities) into the semiconductor host material. Doping is a unique approach, proposed to increase the μ FE and stability of oxide-based TFTs. Generally, the conductivity mechanism of oxide-based materials is associated with oxygen vacancies, which appear to be the origin of the carrier generation center in the performance of oxide-based TFTs. Incorporating various dopants, such as In, C, Al, N, Mg, or Ti, into the oxide-based semiconductors can increase the μ FE through control of the carrier density, which proves its utility in different applications. Serin, et al. [57] showed that conductivity of ZnO may be enhanced due to the incorporation of In dopant. Even the doping approach enhances the electrical properties and devices stability in oxide-based TFTs. The incorporation of In cations to ZnO-based channels is one of best ways to enhance the μ FE of the resulting oxide TFTs [58, 59] . The In cations provide more conducting pathways for electrons, and hence increase the channel mobility. Hosono, et al. [60] explained the structures and Hall mobility of IGZO films deposited at room temperature as a function of chemical composition (in Fig. 3 ). The pure ZnO and In 2 O 3 are crystalline phase even when deposited at room temperature. As seen in Fig. 3 a-IZO has higher mobilities than a-IGZO films. The increasing In content in the a-IGZO channel of fabricated TFTs yields higher μ FE [59] , which can be explained by the formation of shallow level oxygen vacancies facilitated by increasing the coordination number of In cations around the oxygen atom. However, the degradation of off-current and I on/off ratio are observed in the a-IGZO TFT device. This trade-off behavior limits the use of the In fraction to achieve high μ FE .
Parthiban, et al. [61] fabricated low temperature C-doped IZO (CIZO) TFTs, which exhibited improved μ FE of 16.5 cm 2 /V-s whereas the values for control IZO TFT was 6.55 cm 2 /V-s. A few research groups are also fabricated In-free oxide-based TFTs, which has high electrical performance. Cai, et al. [62] fabricated Al doped ZnO (AZO) TFTs with high μ FE of 143 cm 2 /V-s and low V th of 0.9 V. Nitrogen (N) is another excellent dopant in Zn based oxide materials due to its ionic radius and electronegativity, which is close to oxygen, and serve as oxygen-related defects binder. Some reports have highlighted the N-doping approach to enhance the mobility [63, 64] and stability [7, [65] [66] [67] of oxide based TFTs. Similarly, N-doped ZnO of zine oxynitride (ZnON) semiconductor are another promising semiconductor material in high mobility transistor applications. Ye, et al. [68] reported on ZnON TFTs with high μ FE of 110 cm 2 /V-s, demonstrating application in pixel switching devices in ultra-high definition and large area displays.
DEVICE STRUCTURES FOR HIGH MOBILITY OXIDE-BASED TFTs
Impact of device configuration
The μ FE value and stability are primarily related to the configuration of the oxide-based TFTs. There are four major classes of configurations are used in fabricating the oxide-based TFTs, (i) back channel etch (BCE) structure, (ii) etch stopper (ES) structure, (iii) top gate (TG) structure, and (iv) double gate (DG) structure. Each device configuration has its own advantages and disadvantages. BCE and ES type oxide-based TFTs exhibit good uniformity and stability as well as reasonable μ FE . During the S-D patterning process of TFT fabrications, physical and/or chemical damage are possible and may degrade the device properties.
To solve these problems, the ES layer (e.g., SiO x , SiN x ) are deposited by a PECVD system under the S-D metal electrodes, but requires an additional patterning process. Both structures have been employed for the mass production of oxide-based TFTs. However, the existence of the ES layer on the oxide semiconductor layer limits the design of short-channel devices due to the misalignment between the S-D to ES or ES to gate. The floating double gate (DG) contact was proposed to modulate the V th and to increase the μ FE [69] . Lee, et al. [70] reported DG a-IGZO TFTs to have considerable attention due to their advantages such as V on , controllability and on-current enhancement. Bottom-gate type structures with a SiO x ES layer have been widely employed for IGZO TFTs [71] . However, one of the serious drawbacks of this structure is a large parasitic capacitance [72] of gate-to-drain and gate to-source due to overlap between gate and S-E electrodes, which also induce poor chemical stability [8] .
Large parasitic capacitance reduces operation speed of the TFT device based circuits and induces signal delay in the TFT backplane. Moreover, large capacitance gate to drain of selection TFTs in OLED display strongly influences uniformity of the luminescence of the pixels because the capacitance gate to drain is the main cause of the kickback effect [73] through voltage which influences an operation voltage of driving TFTs. Therefore, a selfaligned structure is an essential for oxide TFTs to achieve systemon-panel and high-resolution LCD/OLED displays. Self-aligned patterning is another device gaining interest to realize highresolution high-quality displays. Park, et al. [74] reported a high μ FE of 157 cm 2 /V-s in self-aligned coplanar TFTs with a channel layer of a-IZO electrode instead of a-IGZO.
Single and Double-channel approaches
Another approach to enhance the μ FE and stability of oxidebased TFTs utilizes the double-channel structures. The double channel structure consisted of back and front layers. The mobility is primarily influenced by the current path boosted at the bottom of the front layer that is adjacent to the gate insulator in bottom-gate structure. Highly conductive (eg. ITO, IZO) and oxygen deficient front layers are mostly preferable to construct the TFT devices. Kim, et al. [75] reported optimized HIZO/IZO TFTs, which exhibited improvement in both the μ FE and NBIS stability compared to single channel devices. Hsu, et al. [76] proposed a bilayer IGZO/IGZO:Ti device, which presented the highest μ FE of 49 cm 2 /V-s by modulating the IGZO:Ti thickness. Similarly, the double channel TFTs with a back ZTO/front IZO (5 nm) showed a high μ FE of 32.3 cm 2 /V-s and a low V th of ~0.5 V [77] . The thickness of IZO (>8 nm) in double channel TFT devices can cause a large negative V on and V th values. An ITO/IGZO double-channel structure [78] shows excellent TFT properties with a high μ FE of 104 cm 2 /V-s and a low V th of ~0.5 V. As a result, the mobility of double layer devices can be improved significantly compared to the single active channel devices. In addition, the devices stability are also improved but control of the carrier concentration and thickness of conducting layers remain a challenge.
Nano materials and nanostructures
Nano materials and nanostructures have been proposed to improve the effective mobility in oxide-based TFTs. By incorporating carbon nanotube (CNT), graphene, nanodots, nanowire and nanocrystalline (nc) metal/ metal oxides into the oxidebased semiconductors, the current path in the channel may be enhanced. Recently, we have reported [79] 5 . Additionally, the composite TFTs also showed exceptional mechanical robustness for flexible applications. Similar to the nanostructure approach, Zan, et al. [83] proposed a top-gate self-aligned a-IGZO TFT with nanometerscale dotted channel doping. With a low-cost, simple, and lithography-free process, the effective mobility level of TG a-IGZO TFT became 19 times higher than that of the control sample and the maximum effective mobility reached 79 cm 2 /V-s due to barrier lowering effect.
CONCLUSIONS
Oxide-based TFTs have an optimistic future for the application in commercial high-resolution FPDs. We reviewed the different approaches of improving the field-effect mobility of oxide-based thin film transistors. The various approaches, including the selection of materials for semiconductor, dielectric, electrode materials and device structures for realizing high mobility oxidebased TFT devices are discussed. Oxide-based TFTs have an optimistic future for the application of commercial high-resolution FPDs. In this review paper, a detailed discussion on the different aspects of TFTs will directed to fabricate a high quality TFT devices. 
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